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Abstract
A series of indole-ethylamines were tested for their ability to suppress the spontaneous firing of single dorsal raphe serotonergic neurons in the rat. The compounds were all derivatives of either tryptamine or N,N-dimethyltryptamine possessing hydroxy or methoxy substituents on the benzene ring portion of the indole nucleus. Their activity was assessed using quantitative microiontophoresis or following systemic (intravenous) administration.
The serotonin autoreceptor or so-called "S2 receptor" mediating the inhibition of raphe serotonergic neurons was found to exhibit a high degree of structural specificity among the closely related tryptamine analogs. The following structureactivity rules were demonstrated:
(1) for either hydroxy or methoxy derivatives, the relative favorability of the ring positions conforms to the series 5 >> 4 > 6; (2) methoxy derivatives are more sensitive to a shift of the ring substituent from the 5-to the 4-or 6-positions than are hydroxy compounds; and (3) activity is enhanced by N,N-dimethylation.
Furthermore, addition of a methyl group at the 7-position of 5-methoxy-N,N-dimethyltryptamine markedly reduces the activity of this potent agonist. Of the radioligands which label brain serotonin receptors, the pharmacological characteristics of D-["HIlysergic acid diethylamide binding best correspond to those displayed by the SZ receptor as determined in the present physiological analysis, although sufficient data are not yet available to make a complete comparison.
The spontaneous firing of serotonin (5-HT)-containing neurons in the dorsal raphe nucleus is suppressed by certain indolealkylamines containing the tryptamine nucleus. Inhibitory effects occur following the systemic administration of indole-derived serotonergic agonists which gain access to the brain, such as n-lysergic acid diethylamide (LSD; Aghajanian et al., 1968) , N,N-dimethyltryptamine (DMT; Aghajanian et al., 1970) , or 5-methoxy-N,N-dimethyltryptamine (5-MeODMT; Mosko and Jacobs, 1977; deMontigny and Aghajanian, 1977) . Moreover, local (microiontophoretic) application of these compounds as well as various structurally related indoleamines, including 5-HT, produce direct depressant effects on neuronal firing (Aghajanian et al., 1972; Haigler and Aghajanian, 1974; Aghajanian and Haigler, 1975 and Gijyne, 1976; deMontigny and Aghajanian, 1977) . These observations have led to the concept that raphe 5-HT neurons possess inhibitory somatodendritic 5-HT receptors. Because these receptors are sensitive to the 5-HT neuron's own neurotransmitter, they have been termed "autoreceptors."
Bramwell
The ultimate functional significance of 5-HT autoreceptors may be as a link in the autoregulatory control of 5-HT neuron firing (see Aghajanian and Wang, 1978) .
By analogy with the subclassification of a-noradrenergic receptors where norepinephrine neuron autoreceptors are of the (~2 subtype (Langer, 1974; Berthelsen and Pettinger, 1977; Cedarbaum and Aghajanian, 1977) , 5-HT autoreceptors may be denoted "S2 serotonergic receptors" (Aghajanian, 1981) . S2 receptors exhibit significant pharmacological differences from "postsynaptic" 5-HT receptors (i.e., 5-HT receptors on neurons which are innervated by central serotonergic neurons). To date, two types of postsynaptic 5-HT receptors have been described, those mediating facilitation and those mediating suppression of neuronal firing, which have been denoted "Sl" and "S3," respectively (Aghajanian, 1981) . Although 5-HT is about equally active at all receptor subtypes, Sz autoreceptors respond preferentially to hallucinogenic indoleamines and related compounds. Thus, LSD, 5-methoxytryptamine (5-MeOT), and 5-MeODMT are considerably more potent than 5-HT as agonists at Ss receptors, whereas these compounds are relatively weak when compared to 5-HT at Ss receptors (Aghajanian and Haigler, 1975; deMontigny and Aghajanian, 1977) .
Although it is clear that certain modifications of the 5-HT molecule can alter its activity at Sz receptors markedly, there is limited information concerning the exact structural requirements of the receptor. In the present study, the pharmacological characteristics of S2 receptors are examined in detail using a series of closely related 5-HT analogs. These compounds were designed to test the significance of various ring substituents and the presence or absence of N,N-dimethylation on the expression of physiological activity at S2 receptors. The results indicate certain rather strict rules for agonist activity of indoleethylamines at dorsal raphe S2 receptors.
Materials and Methods
Fifty-four male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) weighing 190 to 290 gm were used in these experiments. The animals were anesthetized with chloral hydrate (350 mg/kg, i.p.) and mounted in a stereotaxic apparatus; additional anesthetic injections were given as necessary during the course of the experiment. Prior studies have failed to detect any significant effect of chloral hydrate on the spontaneous activity or responsiveness of raphe neurons (Aghajanian et al., 1972; Haigler and Aghajanian, 1974; Mosko and Jacobs, 1977) . Body temperature was maintained between 36 and 37°C with a heating pad. In some animals, a lateral tail vein was cannulated with a 25 gauge hypodermic needle for intravenous administration of drug solutions. In these intravenous drug experiments, extracellular unitary action potentials of raphe neurons were monitored with single barrel glass micropipettes. The electrodes were broken back to a tip diameter of 1 to 2 p and were filled with 2 M NaCl, 2% Pontamine sky blue solution. The in vitro impedances of these electrodes were typically 3 to 6 megohms.
For application of drugs by microiontophoresis, conventional five-barrel micropipettes were prepared as described by Haigler and Aghajanian (1974) . The center barrel (used for recording) was filled with the NaCl/dye solution. Three of the side barrels were loaded with drug solutions and the remaining barrel contained 4 M NaCl for automatic current balancing. Electrodes with recording barrel impedances of 3.5 to 5 megohms were usually suitable for simultaneous recording and drug ejection. A retaining current of -10 nA was applied to the drug barrels between ejection periods.
In preparation for recording, a burr hole was drilled in the calvaria overlying the dorsal raphe nucleus. The dura was retracted and the perimeter of the hole was packed with a small amount of bone wax to prevent oozing of blood from the sagittal sinus. The microelectrode was lowered into the dorsal raphe which is located on the midline, approximately 0.3 to 0.5 mm anterior to the lambdoidal suture. Units exhibiting characteristics of serotonergic neurons as determined by histochemical and electrophysiological criteria (see Aghajanian and Wang, 1978) usually were encountered 5.5 to 6.6 mm ventral to the skull surface. These units had a slow, regular spontaneous fifing rate (typically 0.2 to 2 spikes/set) and wide, positive-negative extracellular action potentials (1 to 2 msec in duration).
In experiments where drug solutions were administered systemically, only one cell per animal was tested. After obtaining an indication of the cell's base line firing rate, boluses of the test drug were infused intravenously. Additional injections were administered until the cell transiently ceased firing. Following partial or complete recovery, LSD often was injected to confirm that the cell exhibited the characteristic depression of serotonergic neurons seen with this drug (Aghajanian et al., 1968) . Only the presumably more lipophilic N,N-dimethylated derivatives were tested by the systemic route. Since 5-MeOT does not enter the brain to any appreciable extent when administered parenterally (in the absence of a monoamine oxidase inhibitor), whereas 5-MeODMT does (Green et al., 1975; Sanders and Bush, 1967; deMontigny and Aghajanian, 1977) , the assumption was made that the other primary amines similarly would have limited access to the brain and therefore were not administered intravenously. A wider range of compounds could be tested, however, using iontophoresis.
In iontophoretic experiments, a series of cells in each animal was studied. An attempt was made to test all three drugs carried in the pipette on each cell, but this was not always possible because some cells were lost before completion of the sequence. The potency of drugs was estimated using the ITso method of deMontigny and Aghajanian (1977) . In a typical experiment, the base line firing rate of a cell was established and 60-set pulses of the test drug were applied with intervals of at least 60 set between ejections. An iontophoretic current was established which produced a rapid suppression of firing (usually 50% in 20 to 40 set). For each ejection which produced greater than 50% depression, the ITso was calculated where I is the current in nanoamperes and Tso is the time in seconds required to obtain 50% suppression of firing. The ITso is the total charge ejected at Tso and is proportional to the dose of the drug producing a 50% suppression of firing; thus, the more potent the drug, the lower the IT5:5o. Drug potencies can be compared using ITso values if they can be assumed to have similar transport numbers. Because of uncertainties in the transport numbers and the unknown relationship between the dose applied and the resultant concentration of the drug in the vicinity of the cell, the ITS,, values are used only to rank drugs and cannot be taken as quantitative estimates of drug potencies. In practice, the ITso method provides a means to assess the potency of compounds requiring widely differing iontophoretic currents to achieve similar degrees of inhibition of raphe firing.
ITso values obtained on the same cell were averaged and the geometric mean (antilog of the mean log) of values among cells was determined along with the 95% confidence interval (see Wang et al., 1979) .
At the end of each experiment, the final electrode position was verified by iontophoretically ejecting dye from the recording electrode (20 PA for 20 to 60 min) and locating the spot thus produced in brain sections prepared by routine histological methods.
Solutions for intravenous administration were pre-Vol. 1, No. 10, Oct. 1981 pared by dissolving the drug powder in a small amount of aqueous tartaric acid. The pH was adjusted to 4.0 with NaOH, NaCl was added to make a final concentration of 0.9%, and the solution was brought to the appropriate volume with deionized water. Iontophoretic solutions were all 0.1 M, pH 4, except 5-HT which was 0.04 M. The drugs tested in this study are listed in Table I 
Results
Systemically administered DMT derivatives. When administered intravenously, each of a series of methoxysubstituted DMT derivatives produced a rapid, transient suppression of the spontaneous firing of raphe neurons ( Fig. 1 ; Table II ). In confirmation of previous observations (deMontigny and Aghajanian, 1977; Mosko and Jacobs, 1977; Trulson and Jacobs, 1979) , 5MeODMT was exceptionally potent in this regard. This drug produced a complete cessation of firing at doses of 20 to 40 e/kg.
DMT derivatives with methoxy substitutions at the 4-or 6-positions on the indole nucleus were far less active than 5MeODMT.
The potencies of these compounds were comparable to that of DMT itself (see Aghajanian et al., 1970) which, on a molar basis, is 20 to 40 times weaker than 5-MeODMT.
As noted in Table II , 4-Me-ODMT was slightly more potent than DMT, whereas 6-MeODMT was the least active of the mono-ring-substituted DMT derivatives. Addition of a methoxy group at the 7-position of 5-MeODMT to form 5,7-diMeODMT resulted in a striking fall in potency ( Fig. 1; Table II ).
Iontophoretic studies. A series of nine tryptamine derivatives were examined in iontophoretic studies. The compounds tested consisted of 5-HT, 5-MeOT, and 5-MeODMT and their analogs having ring substitutions at either the 4-or 6-positions instead of at the 5-position (Table I) . Although their potencies varied markedly, all of these compounds produced a suppression of the firing of raphe neurons when applied iontophoretically with currents of 10 to 35 nA (Fig. 2) Table I for the key to the abbreviations. ' Cumulative intravenous dose required to produce complete cessation of firing. Cells generally resumed firing within 2 min, but the time to full recovery was variable.
' Data from Aghajanian et al. (1970). compound are summarized in Figure 3 . The potency differences among the structural analogs is illustrated in Figure 2 . In Figure 2 , A and C, similar iontophoretic currents produce markedly different responses on the same raphe neuron. In Figure 2B , comparable depressant effects are obtained with iontophoretic currents of different intensities. Note that, even at high iontophoretic currents, 6-MeOT does not produce a complete suppression of firing.
Discussion
The present results demonstrate that minor modifications in the 5-HT molecule can produce large changes in potency at SZ receptors on raphe serotonergic neurons. Certain structure-activity rules are readily apparent from the data summarized in Table II and Figure 3 . First, compounds with either hydroxy or methoxy substituents at the 5-position are more active than their analogs with these groups at the 4-or 6-positions. Second, activity is retained to a greater degree when the ring substituent is shifted from the 5-to the 4-position than from the 5-to the &position. Third, moving a methoxy group from the 5-to the 4-or 6-position produces a larger drop in activity than does shifting a hydroxy group. Fourth, N,N-dimethylation results in an increase in activity of the methoxy-substituted derivatives.
Of primary importance in determining activity is the presence or absence of a substituent at the 5-position on the tryptamine nucleus. This may indicate that the 5-position functional group interacts in a critical fashion with the SZ receptor. However, as Weinstein et al. (1978) have noted, substitution at this site produces marked alterations in the electronic character of the entire molecule. Therefore, activity may be affected by changes in the physical or chemical properties of the molecule as well as (or instead of) a direct interaction with the receptor at this locus.
Although hydroxy or methoxy substitution at a site on the benzene ring other than the 5-carbon atom results in reduced activity, the 4-position is more favorable than the 6-position. The enhanced activity of 4-HT compared to 6-HT may reflect the ability of the side chain amino function to hydrogen bond with the 4-hydroxyl on the indole ring. As suggested by Snyder and Richelson (1968) ) this would stabilize a conformation in which the side chain was folded back into a third ring. Such a structure would more closely resemble LSD, a potent agonist of Table I for the key to the abbreviations. Table I for the key to the abbreviations. the SZ receptor. The weaker activity of 4-MeOT compared to 4-HT may be due to the fact that the methoxy group is not able to interact as strongly with the amino nitrogen to form a stable structure.
In general, increasing the hydrophobic nature of the tryptamine molecule by 0-methylation or N,N-dimethylation produces an enhancement of activity except when this occurs at an unfavorable ring position, in which case, there is a strong reduction in activity. Thus, it is apparent that alterations in hydrophobicity do not account completely for the potency differences among drugs. The specific nature of the drug-receptor interaction is indicated further by examination of the partition coefficients for the DMT derivatives as determined by Glennon and Gessner (1979) . The rank ordering of these values, which represent the hydrophobic character of the molecule, are 6-MeODMT > 5-MeODMT > 4-MeODMT. This ordering does not correspond to the activity that these drugs display in depressing raphe neurons when they are applied iontophoretically or administered intravenously (Table II; Fig. 3) .
It is particularly significant that the intravenous potencies do not depend upon hydrophobicity since this suggests that variations in penetration into the brain (which are presumably related to the lipophilic character of the molecule) do not account for the potency differences. Moreover, the relative potency series for the DMT derivatives is the same whether the drugs are administered systemically or by iontophoresis. In both cases, the rank ordering is 5-MeODMT > 4-MeODMT > 6-Me-ODMT. This indicates that the differences in potency seen in the iontophoretic studies represent biologically meaningful differences in pharmacological activity rather than variations in transport from the iontophoretic pipettes. Conversely, it seems unlikely that the effects of the intravenous compounds are due to systemic or indirect actions. The rank ordering displayed by the DMT derivatives at the Sz receptor also corresponds to the activity that these compounds exhibit in a behavioral model where 5-MeODMT is used as a discriminative stimulus (Glennon et al., 1980) . The structure-activity rules developed in the present study are similar in some respects to those determined in the isolated rat fundus preparation, the most extensively studied peripheral model of 5-HT receptor function (Vane, 1959; Glennon and Gessner, 1979) . In the rat stomach, hydroxy or methoxy substitution at the ~-POsition markedly enhances binding to the 5-HT receptor. Addition of these groups to the 4-position produces intermediate affinity, whereas substitution at the 6-position and in particular at the 7-position strongly decrease binding (Glennon and Gessner, 1979) . On the basis of the observation that a polar substituent at the 7-position produces a marked decrease in activity in spite of the fact that the electronic properties of the molecule would theoretically predict high binding affinity, Johnson and Green (1974) suggested that the 7-position on the indole nucleus might come in contact with a hydrophobic region of the receptor and sterically hinder binding. This would explain the marked reduction in activity of 5,7-diMe-ODMT compared to 5-MeODMT.
One structure-activity rule observed in the rat fundus system which does not appear to hold for the brain Sz receptor is that 5-MeOT has weaker biological activity than 5-HT (Vane, 1959; Green et al., 1978) . Rather, 5-MeOT and 5-MeODMT as well are more potent than 5-HT at the Sz receptor (deMontigny and Aghajanian, 1977) . Thus, one distinguishing characteristic of the Se receptor is that the 5-methoxy compounds have greater activity than the presumed natural agonist 5-HT. This observation cannot be attributed to differences in transport from the iontophoretic pipettes as the same compounds are less potent than 5-HT at central Ss receptors (see deMontigny and Aghajanian, 1977) .
An additional distinction between the rat fundus 5-HT receptor and the brain S2 receptor is that, in the peripheral system, N,N-dimethylation reduces affinity (Glennon and Gessner, 1979) . However, as a different series of drugs were used to arrive at this conclusion, the confirmation of a true difference regarding this structureactivity rule must await further studies.
In contrast to the extensive data concerning the interaction of substituted tryptamines with peripheral 5-HT receptors, little information is available with respect to the binding of these compounds in the central nervous system. Recently it has been reported that two distinct 5-HT receptor populations can be distinguished in brain using the radioligands ["HI5-HT and ["Hlspiroperidol (Peroutka and Snyder, 1979) . The limited data presently available would suggest that neither of these sites corresponds to the S, receptor as characterized in the present study. Thus, 5-MeOT and 5-MeODMT have a lower affinity than 5-HT for brain ["HI5-HT receptors (Fillion et al., 1978; Whitaker and Seeman, 1978; Peroutka and Snyder, 1979; Segawa et al., 1979; Middlemiss et al., 1980) , whereas they are more potent than 5-HT in suppressing raphe neuron firing. The pharmacological nonidentity of the & receptor and the ['H]5-HT binding site is consistent with their suspected respective pre-and postsynaptic localizations (Fillion et al., 1978; Nelson et al., 1978) . Locally applied S, agonists have direct effects on raphe 5-HT neurons, suggesting that the S:! receptor is present on these neurons. On the other hand, as the binding of ["H]5-HT is not reduced by the destruction of 5-HT neurons, it has been proposed that the binding sites are predominantly postsynaptic (Seeman et al., 1980; Bennett and Snyder, 1976; Fillion et al., 1978; Nelson et al., 1978; Segawa et al., 1979) .
["HlSpiroperidol, like ["H]5-HT, does not appear to label Sz receptors as 5-MeOT and 5-MeODMT are approximately equipotent with 5-HT in displacing the ligand from brain membranes (Peroutka and Snyder, 1979; Middlemiss, 1980) . Moreover, 2-bromo-LSD, an analog of LSD with reduced activity at SZ receptors (Aghajanian et al., 1970; Aghajanian, 1976) , has greater affinity than LSD for [3H]spiroperidol binding sites (Peroutka and Snyder, 1979) . [3H]Spiroperidol also seems to bind to postsynaptic sites (Seeman et al., 1980) . The binding of [3H]LSD, which is claimed to label both the 5-HT and spiroperidol sites (Peroutka and Snyder, 1979) , nevertheless may be the best biochemical model for the Sz receptor. Thus, 5-MeODMT has a considerably higher affinity for the [3H]LSD receptor than does 5- HT (Love11 and Freedman, 1976) , although 5-M-eOT has been reported to have a greater (Bennett and Snyder, 1975) , equal (Bennett and Snyder, 1976; Green et al., 1978 ), or weaker (Fillion et al., 1978 Peroutka and Snyder, 1979) affinity. Moreover, the ringhydroxylated tryptamines show the rank order of potencies 5HT > 4-HT > 6-HT (Green et al., 1978) which is identical to that observed for the SS receptor. LSD (deMontigny and Aghajanian, 1977) and lisuride (Rogawski and , the two most powerful known agonists at Sz receptors, are similarly the most potent displacers of ["HILSD binding (Bennett and Aghajanian, 1974; Love11 and Freedman, 1976; Bennett and Snyder, 1975, 1976; Green et al., 1978; Fillion et al., 1978; Peroutka and Snyder, 1979; Fuxe et al., 1978) . In most cases, 2-bromo-LSD has been reported to have lower affinity than LSD for ["HILSD binding sites although the magnitude of this difference varies among studies and is usually small (Bennett and Snyder, 1976; Love11 and Freedman, 1976; Peroutka and Snyder, 1979) . Of the ligands believed to label central nervous system 5 HT receptors, LSD binds to a site with pharmacological characteristics most closely resembling the S2 receptor, although the data upon which to base this conclusion is limited. The significance of this observation, especially with regard to the supposed mixed nature of ["HILSD binding, is unclear. Nevertheless, it is of interest to note that ["HILSD binding is saturated at approximately the concentration obtained in situ following a dose of LSD which just suppresses raphe serotonergic neurons (Bennett and Aghajanian, 1974) . This further demonstrates the pharmacological correspondence between ["HILSD binding and the S, receptor. However, since most of the ["HILSD binding which is detectable in brain homogenates occurs postsynaptically (Bennett and Aghajanian, 1974; Bennett and Snyder, 1975, 1976; Fillion et al., 1978) , whereas the S2 site as defined physiologically is presumably presynaptic, the two receptors cannot be considered identical.
